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Thermal waves are used to image damage accumulation digitally beneath

Hertzian contacts in ceramics. Alumina ceramics over a range of grain size 3m48

are used in a case study. The nature of the images changes with increasing alumina
grain size, reflecting a transition in damage mode from well-defined cone fracture in

the finer-grain materials to distributed subsurface microfracture in the coarser-grain
materials. Quantitative determinations of microcrack densities are evaluated in the latter
case by deconvoluting thermal diffusivities from the image data. These determinations
confirm the grain-size dependence of degree of damage predicted by fracture mechanics
models. Potential advantages and disadvantages of thermal waves as a route to damage
characterization in ceramic systems are discussed.

I. INTRODUCTION an adjunct tool to map subsurface Hertzian damage in

Thermal waves are proving to be a useful meandilicon nitride’ and zirconi& have provided insights into
of detecting and analyzing damage in brittle materi-the fundamental nature of such damage transitions.

als, notably ceramics® A particularly versatile tech- In the prefseﬂt papler we presIenF a more cr||t|]£:al
nique uses lasers to generate and detect the therm@f@mination of thermal wave analysis as a tool for

waves, and scans specimens to produce point-by-poir‘ff"e_Stigati”g damage aqcumulation in heterogeneous ce-
images of the defect structur®s.Macroscopic cracks 'amics. Our approach will be to focus more on the scope

are most amenable to imaging in this way becaus@f the methodology as a diagnostic and quantitative route

of their effectiveness in interrupting heat fidw. Also [0 damage analysis, and less on experimental detail.
amenable are microfractures. where individual event¥ve will illustrate the critical role of microstructure on
may be microscopic, but where integrated effects ovefl@mage accumulation with a Hertzian case study on
a damage volume can manifest themselves as signiffluminas covering a broad range of grain sizes. Thermal
cant damage accumulation. The kind of informationVave images of the contact sites will be used to provide
attainable from thermal wave analysis is both qualitativedi2gnostic information on the nature and distribution of
and quantitative: qualitative, by mapping microcracksurface, gnd subsg_rface fracture damage.Aprocgdurg for
distributions, either surface or subsurfé&equantitative, J€termining densities of damage from a thermal diffusiv-
by measuring point-by-point thermal diffusivity within ity analysis of the data, and for evaluating corresponding

the damage zone, and thereby determining microcraciicrocrack sizes in terms of fracture mechanics models,
densitiesh® ’ will also be outlined.

Thermal wave analysis is especially useful for study-
ing damage accumulation in Hertzian contact loading
of ceramics¥>°~1® As the ceramics are made more
heterogeneous (coarser grains, weaker internal intet. THERMAL WAVE IMAGING OF HERTZIAN
faces, higher internal stresses), and thereby tougher, CONTACT DAMAGE
the damage undergoes a fundamental transition from. Hertzian contact damage of alumina

a single macroscopic cone crack outside the contact Alumina provides an ideal model ceramic system for

contact!! Preliminary studies using thermal waves asehighlighting microstructural effects in damage accumu-
: y 9 lation. We choose a set of well-characterized aluminas
from a previous study of the role of grain size on tough-

AGuest Scientist, on leave from Department of Physics and Astron[1€SS propertie¥. Specifically, the set inclu_des grain
omy, Wayne State University, Detroit, Michigan 48201. sizes 3, 9, 15, 21, 35, and 48m (linear intercept
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evaluation):® Experimental observations of Hertzian material away from the incident site is highly sensitive to
contact damage using optical microscdpylong with  the local defect structure. This sensitivity is manifested
a theoretical analysis using fracture mechahickave as variations in the near-surface atmospheric heating,
been reported for this material system. which in turn shows up as variations in the refracted
The Hertzian contact test itself is simple to per-probe beam (“mirage” effect). A position detector mon-
form. An especially useful specimen configuration foritors the probe beam deflections.
investigating subsurface damage makes use of a “bonded In the experiments to be described here, the setup
interface.®®1? In this arrangement, two polished half- is operated in an imaging mode. The laser beams are
blocks are glued together at their sides with adhesivegdirected at the same spot within the specimen surface
and indentations are made along the interface trace golane, and the specimen is scanned through the two
the top surface. In our experiments on such specimen$ixed beams viaX-Y actuators (Fig. 1). The heating
indentations are made with a tungsten carbide sphere tfeam is operated at a chopping frequency of 500 Hz,
radius 3.18 mm at peak loatl = 2000 N, corresponding corresponding to a thermal diffusion lengthl00 um
to a mean pressurB/mwa> = 8.0 GPa over the contact in alumina’ The probe beam deflections are recorded at
radiusa.’® The half-blocks are then separated by immer-each step on a data acquisition system. These data are
sion in solvent and gold-coated for viewing in the opticalthen digitally processed to generate a thermal image of
microscope using Nomarski illumination. the defect conterft’ One may deconvolute local thermal
After optical characterization, the same bonded-diffusivity values from the magnitude and phase of the
interface alumina specimens are examined by thermalrobe beam deflection for each pixel in the image using
wave imaging. heat diffusion equatios$ to convert the information
into a point-by-point “diffusivity map? Because of
the highly damped nature of thermal waves, the lateral
resolution in the image is determined primarily by the
A schematic of the thermal wave imaging techniquespecimen scan step (image pixel size) and the diameters
used in the present work is shown in Figi’lThe  of the heating and probe beam, but is insensitive to the
specimen surface is irradiated with a chopped (argonthermal diffusion lengti! Accordingly, we use either a
ion) laser heating beam at normal incidence, and probeghster step size 1@m and heating beam diameter 4%n
with a second (helium-neon) laser probe beam at graz“higher” resolution), or a step size 20m and heating
ing incidence. Periodic spatial and temporal temperaturgeam diameter 3um (“lower” resolution); the probe
fluctuations, i.e., thermal waves, are generated in thBeam diameter is kept constant at 2. The price of
irradiated specimen. The diffusivity of the heat in theg higher resolution is a longer scan time.

B. Thermal wave “mirage” technique

lll. EXPERIMENTAL RESULTS

Figure 2 shows optical micrographs of the half-
Heating laser surface and subsurface Hertzian contact damage for each
of the alumina grain size$.Note the progressive tran-
sition from well-defined macroscopic cone crack at the
lower grain sizes to distributed microscopic subsurface

Chopper damage at the higher grain sizes. The generation of the
— subsurface damage has been documented as a two-stage
<> proces$1%18 stage 1 is the formation of closed “shear
Probe laser E Detector faL_JIts,” intragrain twins in the case _of alumina [most
= evident in Figs. 2(e) and 2(f)], within the subsurface
— compression—shear field; stage 2 is the nucleation of
" open intergrain microcracks within the local tensile stress
] concentrations at the ends of the constrained shear faults.
Specimen Because the first of these stages is shear driven, the
onset of subsurface damage occurs at some depth below
X-Y stage the contact axis, where the shear stresses attain their

maximum valué:22-25

FIG. 1. Schematic of thermal wave setup. Chopped heating laser Figure 3 is a thermal wave image of the Hertzian
beam induces thermal waves in solid below incident spot; probe laser,

beam detects variations in atmospheric heating above spot. Specimgramage pattern for the 3’“m gr(:un size _?'L‘m'“ag
is scanned to produce thermal wave image of defect content iCanned under the high resolution conditions cited

specimen. above (Sec. Il.B). The same broadscale cone crack
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FIG. 2. Nomarski interference optical micrographs of Hertzian contact damage in alumina, grain sizes (a) 3, (b) 9, (c) 15, (d) 21, (e) 35, and
(f) 48 um, half-surface (upper) and section (lower) views from bonded-interface specimen. Indentations produced with WC sphere, radius
3.18 mm, load 2000 N, corresponding to peak contact pressure 8 GPa. Marker indicates contact diamefs0 pm.1°

features seen in the corresponding optical micrograptclosed” defects and therefore unlikely to interrupt the
Fig. 2(a), are apparent. There is no indication of anyheat flow significantly?. Note that we can readily resolve
accompanying subsurface deformation in this imagethree concentric cone crack segments spae@l um

3 um lies below the threshold grain size for twin- apart at right in the half-surface view in Fig. 3.

initiated microcrack initiation at the prescribed contact  To image the subsurface microfracture damage that
pressure in alumid&!® twins themselves, if present, are is more representative of the larger grain sizes it is no
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longer necessary to insist on high resolution, since wenicrocrack density, via local diffusivity measurements.
are now concerned more with the integrated effect ofAs indicated in Sec. II. B, it is possible to deconvolute
damage accumulation over the contact zone than with tha thermal diffusivitya; for anyith pixel in the digitized
imaging of individual defects. Indeed, lower resolutionimages in Fig. 4. In the present work we use an algorithm
conditions help to smooth out local fluctuations in theto average the quantiiy;/ao over all such pixels within
point-by-point data, and thus enable a more reliablea nominal damage area, wheog is the background
evaluation of average thermal diffusivities. Moreover,diffusivity outside the damage area. For the section
using the lower resolution conditions cited above in-views in Fig. 4, the nominal damage area is taken
creases the raster step size by a factor of two and henes 7a?/2 where a is the contact radius (see inset,
decreases the scan time per specimen by a factor of foufig. 5), so that for a linear pixel dimensionthe total
Accordingly, we show in Fig. 4 lower resolution images number of “active” pixels isn = ma?/2A%. We note

for each of the alumina grain sizes. Comparison ofthat this procedure of averaging over the damage zone
the surface view in Fig. 4(a) with its higher-resolution is more representative of the net damage accumulation
counterpart in Fig. 3 reveals considerable smearing outhan that used in earlier studig$There the evaluation

of the cone crack traces. The transition from macroscopievas made by fixing the heating beam and specimen,
cone fracture to distributed microfracture damage withscanning the probe beam across the heated spot to obtain
increasing grain size seen in the optical micrographs im deflection profil€, and deconvoluting the diffusivity
Fig. 2 is evident again in the thermal wave images. Alsassuming a uniform microcrack density. The present
evident in the section images is a progressive expansiamproved averaging procedure is especially pertinent to
of the subsurface damage zone toward the top surfacéhe damage zones for the larger grain sizes in Fig. 2,
so that ultimately for 48um grain size [Fig. 4(f)] the where the correspondingly larger scale of the individual
damage is readily detectable in the surface image. Fasracks is likely to reflect in an exaggerated point-to-point
35 um grain size [Fig. 4(e)], damage is still detectable inscatter in the thermal signal.

the surface image, if to a lesser extent, even though there The average crack densify over the damage zone
is no indication that the microcrack zone extends to thanay then be quantified using a relation derived from
surface in the corresponding optical view [Fig. 2(e)]. ForHasselmaff for the thermal conductivity of a solid
intermediate grain sizes, 9 to 2dm [Figs. 4(b)—-4(d)], with penny cracks of radiux and number density
surface imaging alone isot able to detect the presence N per unit volume, making use of the proportionality
of the subsurface damage. This indicates a certain deptietween conductivity and diffusivity and summing

of thermal wave sensitivity=30 um in the present over n pixels:

case, governed in part by the thermal diffusion length, .

but strongly diminished by an additional™!) falloff in I I _

sphericalgvyave intensit% éther factors, such as signal- b =nNe = (9/8’1)2(“0/&" D @)
to-noise ratio and defect size, also contribute to this

sensitivity. for randomly oriented crack8. The quantityD thus
evaluated is plotted as a function of grain sizas the
IV. QUANTITATIVE ANALYSIS OF DAMAGE data points in Fig. 5 for the same alumina indentations

Thermal wave imaging provides a basis for quan—S'.10Wn in Fig. 4, ford = 30 um anda = 275 um (see
titative evaluations of accumulated damage, specificall)'/: 19s. 2 and 3). Thes_e data are SL.‘bJeCt o a standard

deviation error from indentation-to-indentation scatter,
including an intrinsic uncertainty of=10% from the
repeatability of the thermal wave measurements for a
given indentation.

These measurements may be compared with esti-
mates of individual microcrack sizes from an earlier frac-
ture mechanics model of the contact damage pro€ess.
In that model, the sizes of microcracks initiated within
the local tensile stress concentrations of intragrain twins
at weak grain boundaries within the Hertzian subsurface
stress field are calculated. Here we present just the essen-
tial results of those calculations in relation to our specific
. o alumina materials and loading conditions, deferring for-
FIG. 3. Thermal wave images, half-surface and section views, for alu- . . .
mina of grain size 3um [cf. Fig. 2(a)]. Higher resolution conditions mal details of the_ fracture meChamCS toan appendng. The
(frequency 500 Hz, raster step size u@n, heating beam spot diam fracture mechanics formalism enables a computation of

15 wm). Marker indicates contact diameta = 550 um. microcrack size as a function of grain sizé/). A plot
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(b)

(d)

(e)

FIG. 4. Thermal wave images of alumina, half-surface and section views, for (a) 3, (b) 9, (c) 15, (d) 21, (e) 35, aneh(f)48ver resolution
conditions (frequency 500 Hz, raster step sizew2@, heating beam spot diam 30m). For scale, cf. Figs. 2 and 3.

of ¢(I) for aluminas subjected to a peak contact pressurenicrocrack per twin), giving an average crack size

of 8 GPa (Fig. 2) is shown as the solid curve in Fig. 6.

The data points in Fig. 6 are corresponding evaluations c() = I[D()]"™. 2

from the thermal wave measuremer®s(l) in Eq. (1)

with N = 1/13, i.e., assuming one facet microcrack The thermal wave evaluations are seen to scatter about

per grain (“saturation” state, one twin per grain, onethe theoretical curve, indicating the capacity of the
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T T T T T (tensile cracks, pores) are highly effective in interrupting
P‘ heat flow, closed defects (twins, slipped planes) are
not. Thus in the images in Fig. 4 the contrast is attrib-

[—2a utable almost exclusively to the microcracks initiated
by the precursor shear faults, and not to the shear
} faults themselves. This insensitivity to closed defects has

e
=
T
1

o
T
T
1

| been demonstrated more definitively in silicon nitride,
where plastic deformation zones at subthreshold Hertzian
% i contacts are clearly visible in optical micrographs but

Crack density, D
=
[§%]
T

o
—
T

are correspondinglynvisible in thermal wave imageés.
It has also been demonstrated in zirconia, where again
phase transformations are easily detected optically, but
. : . . ; not thermally®>!® The virtue of thermal wave imaging,
0 10 20 30 40 50 60 therefore, is that it is sensitive principally to microc-
racks. This is of particular importance in the context
of evaluating ceramics for structural applications, where
FIG. 5._Therma| wave evaluations of crack density as a function ofcracks pose by far the most serious threat to material
grain size for alumina, averaged over damage zone (shaded ar%tegrity. Accordingly, thermal wave imaging should
inset). be seen as complementary, not supplementary, to other
damage characterization techniques.
A feature of the thermal wave technique is its
, ) o .amenability to quantitative analysis. In Fig. 6, the meas-
technique to provide a quantitative measure of the miy g dependence of average crack size on grain size
crocrack size. . _for our aluminas correlates with fracture mechanics
~ The zero value of crack size at the smallest grairyregictions from microcrack extension mod¥sThere
size is consistent with the existence of a threshold fofs some doubt concerning the assumptions underlying the
crack initiation (Sec. Ill),T in Fig. 62° The increasing  analysis used to obtain the theoretical prediction in Fig. 6
slope of the curve at large grain sizes reflects the stron ppendix), such as the supposition of one microcrack
dependence of crack stress-intensity factors on the scagg, grain and neglect of mutual interactions between
of the precursor shear fault that provides the drivingagjacent microcracks. The values of coefficients used
force for microcracking? in the stress-intensity factor relations in the analysis are
particularly open to error. Notwithstanding these sources
of uncertainty, it is evident from Fig. 6 that the thermal
V. DISCUSSION wave methodology can provide useful information on
Our study on Hertzian contacts in alumina demon-damage accumulation trends, enabling comparison with
strates the capacity of thermal wave techniques fofracture mechanics models.
detection and analysis of damage accumulation. The Comparisons of the thermal wave evaluations
thermal wave images in Fig. 4 confirm most strikingly aof crack densities with alternative evaluations from
fundamental change in fracture mode from tensile-driverelastic modulus measurements using a nanoindentation
macroscopic cone cracking to shear-driven multiple mitechniqué have provided useful additional validations
crocracking with increasing alumina grain size, as isof expected data trends in indented silicon nitride.
apparent in the corresponding optical micrographs imAgain, some discrepancies exist in absolute values
Fig. 2. Analogous microstructural scaling effects havefrom each techniqué.Despite these discrepancies, the
been reported in silicon nitride(although in that case thermal wave technique shows the same dependence of
over a much smaller range of grain size). Hence, thermadrack density with increasing contact load as its elastic
wave imaging can be a useful tool in the characterizatioomodulus counterpart and, moreover, nondestructively.
of fracture-related damage in ceramics. A note may be made of the sensitivity (or insensitiv-
It should be emphasized, however, that the useity) of the thermal wave imaging to surface roughness. Is
fulness of thermal wave imaging is not restricted toit possible that the image contrast in Fig. 4 is an artifact
confirmation of optical or other damage evaluation tech-of surface uplift rather than a true measure of crack
niques. Thermal waves are highly sensitive to whethedensity? In previous work on silicon nitridethermal
the damage elements are “open” or “closed,” and whemvave images were obtained of a subsurface contact
used in conjunction with optical microscopy are there-damage zone (analogous to Fig. 4) before and after
fore able to distinguish conveniently between fracturepolishing away=5 um from the section surfaces. No
and deformation components. Whereas open defectdetectable differences in the patterns could be discerned.

OFm @ .

Grain size, [ (um)
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II. APPENDIX: CALCULATION OF SIZE OF

SHEAR-FAULT-INDUCED MICROCRACKS IN
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HERTZIAN CONTACT FIELD

Here we summarize the fracture mechanics formal-

Padture for providing the specimens shown in Fig. 2 andsm used to calculate microcrack sizes beneath Hertzian
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mensions after completion of indentation, i.e., at contact
pressurep, = P/ma* = 0 on unloading from a peak
at po = po. Then it is only the persistent field of
the fault plus that from any internal residual (thermal
expansion anisotropy) stress; that need be retained
in our evaluations. In the terminology of Ref. 19, these
special considerations reduce the stress-intensity fac-
tor to K(c) = Kr(c) + Kg(c), where subscript§ and

R designate contributions from the fault and residual
stresses, respectively. At equilibrium, the net stress-
intensity factor may be written in familiar form:

K(c) = os1"fr(c/l) + orl"fr(c/) = Ty, (A1)

with | the grain size and, the grain boundary toughness.
The termoy defines the shear-fault stress at peak load:

o = Br(ps — pr), (A2)

where B is the value of resolved Hertzian shear stress
on the fault plane relative tp,, and pr is the critical
FIG. AL. Model for microcrack generation in compressive contactpressure at which an existent fault begins to slide dur-
field. Figure shows volume element subject to principal stressesng loading. The dimensionless quantitiés(c/l) and
(arrows), containing shear fault FF with extensile microcracks FCfR(c/l) define the crack-size dependence of the stress-
at its ends. intensity factor; writingC = ¢ + [/2 as an effective
crack dimension, we ha®

contacts from an earlier mod®¥The model centers ona  /#(C/D) = 2(C/m )™

volume element within the Hertzian subsurface compres- XA{[1 = (1 = 1?/4C*)"*] = [»/(2 = »)]
sion stress field (Fig. Al). Faults FF inclined to the prin- X [1 — (1 — 1?/4C?*]. (A3a)
cipal stresses generate extensile microcracks FC within

local tensile stress concentrations at the constrained fault

ends. In polycrystalline materials like alumina, the faults fr(C/1) =2
take the form of intergrain twins, and the ensuing micro-

cracks form along weak grain boundaries. In other ma-

terials the faults may take on different ford?<® but the

(/7)1 — 1>/4C?)'” (A3b)

generic validity of the two-stage model remains intact. 15 / . . . T
The first stage in the modeling is to determine 30 / /
a constitutive relation for slip along the shear fault - 15

plane FF. The fault is driven by the resolved compo- T, /
nent of shear stress within the Hertzian field, and is= 19} N
resisted by internal cohesion. The second stage is t 33
determine a stress-intensity fact&i(c) for microcrack
extension along FC within the suppressed fields of
the Hertzian field (compressive), the shear fault (lo- g
cally tensile), and any internal mismatch stresses (tensil £
or compressive). Consideration of the system responsa‘
through one entire cyclt® indicates that the micro-
cracks initiate and extend during the loading half-cycle, 0 ] ; | ;
driven by increasing Hertzian shear stresses on the fau 0 10 20 30 40 50
planes, up to the peak contact pressure; extension contil Crack size, ¢ (um)

ues during the unloading half-cycle, as the constrainin
Hertzian compressive stresses on the microcracks r

pressure, p, (GPa

%_IG. A2. Plot of peak contact pressure as a function of grain-facet
microcrack size in alumina. Solid curves are functions for specific

lease. . ) grain sizes used in Figs. 2 and 4. Horizontal dashed line is specific
From the standpoint of thermal wave evaluationsalue ofp; used in Figs. 2 and 4. Note that no crack extension occurs

we concern ourselves exclusively with microcrack di-at all at the smallest grain size, indicating a subthreshold configuration.
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Once appropriate material parameters and contact200 MPal® The results of the calculations are plotted
conditions are specified, simultaneous solution ofas the solid curves in Fig. A2. The horizontal dashed
Egs. (A1)-(A3) enables direct computations of theline in this plot represents the peak contact pressure
function po(c) for any specified grain sizé For the py = 8.0 GPa used in Figs. 2 and 4. The intersection
alumina grain sizes used in Figs. 2 and 4, we makeoints between the solid curves and horizontal dashed
such computations usingr = 3.0 GPa (data fit from line then provide the equilibrium microcrack dimension
Ref. 19),8r = 0.49 (evaluated for a favorably oriented c as a function of grain size Note that below a threshold
fault at point of maximum shear stress in Hertziangrain size the shear fault does not initiate a microcrack,
field), toughnesd, = 2.75 MPa - m'?, Poisson’s ratio  so there is no solution in that region. The ensuitig
v = 0.22, and thermal expansion anisotropy stregs=  solution is plotted as the solid curve in Fig. 6.
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